Oriented PbTiO 3 ceramics were obtained by slip casting under a high magnetic field, and the orientation factor was 90%. Such highly oriented perovskite ceramics by slip casting under a high magnetic field have never been reported as far as we know. It was thought that dispersibility and crystallinity of the powder were important for orientation by slip casting under a high magnetic field. In this study, we controlled the dispersibility and crystallinity of powder by calcination temperature. As a result, the sample obtained from the powder calcined at 1100°C was oriented, but the one obtained from the powder calcined at 900°C was not. The powder calcined at 900°C is more aggregated than that at 1100°C and the crystallinity of the powder calcined at 1100°C is higher than that of the powder calcined at 900°C. It became clear that highly oriented PbTiO 3 ceramics can be fabricated from the powder with high dispersibility and high crystallinity by slip casting under a high magnetic field.
Introduction
It is well known that grain orientation affects the piezoelectric properties of ceramics. 1),2) It was reported that highly textured CaBi 4 Ti 4 O 15 (CBT) ceramics were obtained by the templated grain growth (TGG) method and the electromechanical coupling factor of the textured CBT ceramics was about three times larger than that of a randomly oriented one.
2) It was also reported that highly textured (K,Na,Li)(Nb,Ta,Sb)O 3 (LF4) ceramics were obtained by using the reactive templated grain growth (RTGG) method.
3) The d 33 constant of the textured LF4 ceramics was 416 pC/N, which was 1.6 times larger than that of randomly oriented LF4 ceramic.
There are various kinds of grain orientation methods. 4) 7) In the case of perovskite or pseudo-perovskite material, it was reported that the textured ceramics can be obtained by either the TGG or the RTGG methods. 6 ), 7) These methods need anisotropic powder as template particles, and a very complicated process is needed to obtain the anisotropic templates for perovskite materials. Therefore, these methods are unsuitable for mass production.
On the other hand, slip casting under a high magnetic field is very simple grain orientation method, and more suitable for mass production.
8)10)
Although anisotropic crystal structure ceramics, such as Bi-layer or tungsten bronze structure, are easily oriented by slip casting under a high magnetic field, 11)20) it is known that perovskite ceramics, such as Pb(Zr,Ti)O 3 (PZT) or PbTiO 3 (PT), are difficult to be oriented by slip casting under a high magnetic field.
Actually, textured PZT or PT ceramics by slip casting under a high magnetic field has never been reported. On the other hand, most of industrially-used piezoelectric ceramics are PZT or PT based ceramics. Therefore it is industrially important to find the method of orientating perovskite ceramics by slip casting under a high magnetic field.
The objective of this study is finding the key factors to fabricate textured PT ceramics by slip casting under a high magnetic field.
It was thought that dispersibility and crystallinity of the powder were important for orientation by slip casting under a high magnetic field. In this study, we controlled the dispersibility and crystallinity of powder by calcination temperature. In this study, we milled the calcined powder for forming, and fabricated samples from these powder by slip casting under a high magnetic field to find the key factor to fabricate the textured PT ceramics.
Experimental procedure
We used a conventional solid phase method to synthesize PT powder. The starting raw materials, Pb 3 O 4 and TiO 2 , were mixed by ball milling for 15 h and calcined at 900 and 1100°C for 2 h in air. The calcined powder was milled by dry grinding. The milled PT powder was mixed with 40 wt % water and 0.25 wt % dispersant for 2 h by ball milling. The obtained slurry was cast under a 12 T magnetic field. The casting method is shown in Fig. 1 . The magnetic field aligns the easy magnetization axis of the particles in the slurry (shown in Fig. 2 ). In this way, a green compact was obtained and it was sintered at 1200°C for 3 h in O 2 .
The shapes of the calcined powders were observed with a scanning electron microscope (SEM, S-3000, Hitachi Ltd., Tokyo, Japan). The median diameter of the calcined powder was measured with a laser scattering particle size distribution analyzer (LA-920, Horiba Ltd., Kyoto, Japan), and the specific surface area (SSA) was measured with an automatic Brunauer EmmettTeller (BET) surface area analyzer (Macsorb, Mountech Co., Ltd., Tokyo, Japan). The phase and the crystallinity of the calcined powder were measured by a X-ray diffractometer (XRD, MiniFlex, Rigaku Co., Ltd., Tokyo, Japan), and the orientation factor (F) was calculated by using the Lotgering method.
21) The crystal structure of PT is tetragonal at room temperature, and the tetragonal structure of PT changes into cubic at sintering temperature. It is expected that each cubic grain changes into two types of ferroelastic domains, (001) and (100). Therefore, we considered that if (001) and (100) poles are aligned at same direction, the crystallographic orientation have been achieved. We describe this orientation as h001i orientation.
The shapes and domain structure of the particles were observed with a scanning transmission electron microscope (STEM, HD-2300A, Hitachi Ltd., Tokyo, Japan).
Results
A SEM image of the powder is shown in Fig. 3 . The powder calcined at 900°C seems to be aggregated, but the one calcined at 1100°C does not. The average diameters measured from the SEM image for the powder calcined at 900 and 1100°C were 0.2 and 1.9¯m, respectively.
The median diameters of the powder calcined at 900 and 1100°C measured by the laser scattering particle size distribution analyzer were 1.32 and 3.54¯m, respectively. The SSA of the powder calcined at 900 and 1100°C were 2.03 and 0.39 m 2 /g, respectively. The density of the powder calcined at 900 and 1100°C were 7.90 and 7.97 g/cm 3 , respectively. When using an equivalent specific surface diameter, the density of the particle (µ) is given by the following equation:
where d and S are the equivalent specific surface diameter and the SSA of the powder, respectively. Therefore the following equation is derived from Eq. (1):
The equivalent specific surface diameters calculated by Eq. (2) for the powder calcined at 900 and 1100°C are 0.37 and 1.93¯m, respectively. The equivalent specific surface diameters are similar to the average diameters measured from the SEM image.
On the other hand, the median diameters of the powder calcined at 900°C and the powder calcined at 1100°C are 3.6 and 1.8 times larger than the equivalent specific surface diameters, respectively. This result suggests that the powder calcined at 900°C is more aggregated than that at 1100°C. The XRD profiles of the calcined powder are shown in Fig. 4 . It was confirmed by XRD profiles that both powders were Singlephase perovskite. The reflection half widths of the (101) peak of the powder calcined at 900°C and that calcined at 1100°C were JCS-Japan 0.21 and 0.18 degree, respectively. Therefore, the crystallinity of the powder calcined at 1100°C is higher than that of the powder calcined at 900°C. The lattice constant ratio c/a was calculated from the XRD profiles. The lattice constant ratio c/a of the powder calcined at 900°C is 1.06, and that of the powder calcined at 1100°C is 1.06. There is no difference of the lattice constant ratios c/a between the powder calcined at 900°C and the one calcined at 1100°C. STEM images of the powders are shown in Fig. 5 . The domain structure of the powder calcined at 900°C was not observed. On the other hand, the domain structure of the powder calcined at 1100°C was clearly observed in the particles. This result also suggests that the crystallinity of the powder calcined at 1100°C is higher than that of the powder calcined at 900°C because the lattice constant ratio c/a of the powder calcined at 900°C and that calcined at 1100°C are almost the same.
The XRD profiles of the surfaces perpendicular to the magnetic field in the sintered samples are shown in Fig. 6 . (100), (001), (200), and (002) peaks of the sample obtained from the powder calcined at 1100°C [ Fig. 6(b) ] became higher than other peaks in contrast with the sample fabricated without magnetic field [ Fig. 6(c) ]. However, the ratio of the height of (100), (001), (200), and (002) peaks and the height of the other peaks of the sample obtained from the powder calcined at 900°C [ Fig. 6(a) ] was similar to that of the sample fabricated without magnetic field. The orientation factor of the sample obtained from the powder calcined at 1100°C was 90%. It is not clear why (002) and (200) peaks are stronger than (001) and (100) peaks, but the phenomena like this have been observed in other works about oriented perovskite ceramics. 22) The SEM images of the surface of the sintered sample are shown in Fig. 7 . The grain shapes of the sample obtained from the powder calcined at 900°C and cast under a high magnetic field [ Fig. 7(a) ] and the sample obtained from the powder calcined at 1100°C and cast without a magnetic field were spherical. On the other hand, the grain shapes of the textured sample obtained from the powder calcined at 1100°C by slip casting under a 12 T magnetic field [ Fig. 7(b) ] were cubic and aligned parallel to the direction of the field. The density of PT was 7.6 g/cm 3 , and the relative density of the sample was 95%. The resistivity of the PT ceramics was 2.8E+7 ³ m. Although the density of the sintered PT was enough, we could not measure the permittivity and piezoelectric properties. This is because it became semiconductor.
Discussion
The driving force of magnetic alignment is the energy of magnetic anisotropy (¦E) and is given by:
where Á» is the difference of the magnetic susceptibility between the easy and the hard magnetization axes, V is the volume of the material, B is the applied magnetic field, and ® 0 is the magnetic permeability of vacuum. 23) Aggregation appears to weaken Á» because the magnetization anisotropy of aggregated powder is lower than that of monodisperse powder. Additionally, decreasing crystallinity appears to lower the value of Á».
PT powder is usually calcined from 800 to 900°C. The powder calcined at 1100°C is too coarse for forming and PT powder isn't usually calcined at 1100°C. As mentioned above, the powder calcined at 900°C was more aggregated than that calcined at 1100°C, and the crystallinity of the powder calcined at 900°C was lower than that of the powder calcined at 1100°C. From Eq. (3), it is seen that the driving force of magnetic alignment increases with increasing Á». Thus, it can be understood that the sample obtained from the powder calcined at 1100°C was oriented, but the one obtained from the powder calcined at 900°C was not.
From Fig. 5 , the powder calcined at 1100°C has multi domain structure. It is thought that the magnetic anisotropy of the powder which has multi domain structure is smaller than that of the powder which has single domain structure, because the total magnetization of the powder which has multi domain structure is the sum of the magnetization of the domains which have different direction and part of the magnetization of the different domains cancels each other out. However, sum of the magnetization is not zero, and the magnetic alignment was also realized in the case of the powder which had multi domain structure.
As mentioned in the Results section, the textured PT ceramics is (100) and (001) oriented as well as other reported textured perovskite type ceramics.
3) This result can be understood by considering the firing process. The XRD profiles of the surfaces of the green compacts perpendicular to the magnetic field are shown in Fig. 8 . In the case of the green compact, the (100) and (200) peaks are much higher than (001) and (002) peaks, respectively. This result indicates that the green compact is (100) oriented, and it can be understood that the axis of easy magnetization of PT ceramics is the a-axis. When the green compact was fired, the crystal structure was cubic phase over the Curie temperature. The a-axis and the c-axis are equivalent in cubic phase. Then, in the cooling process after sintering, the crystal structure of PT ceramics became tetragonal phase, and a part of the oriented a-axis became the a-axis of tetragonal phase and the rest of the oriented a-axis became the c-axis of tetragonal phase. Therefore, the textured PT ceramics is (100) and (001) oriented.
In this study, we couldn't compare the piezoelectric properties of the textured PT ceramics and that of random PT ceramics. However, the purpose of this study is to fabricate the textured PZT ceramics and compare the piezoelectric properties of the textured PZT ceramics and that of not textured PZT ceramics, therefore it was good result that the key factors of the grain orientation of PT ceramics by slip casting under a high magnetic field was obtained.
Conclusion
We could fabricate h001i oriented PT ceramics from the powder which had low aggregability and high crystallinity calcined at 1100°C by slip casting under a high magnetic field and its orientation factor was 90%. On the other hand, the sample fabricated from the powder which had high aggregability and low crystallinity was not oriented.
We found that PT ceramics, perovskite ceramics, could be oriented by carrying out slip casting under a high magnetic field and that key characteristics of powder, such as its aggregability and crystallinity, strongly affected the orientation. 
